O' Herron et al. (2016) perform two-photon imaging of vascular and neural responses in cat and rodent primary visual cortex to investigate the limits of neurovascular coupling. Their results suggest important constraints on making inferences about neuronal responses from hemodynamic activity.
From visualizing the brain-wide network dynamics underlying behavior to mapping responses to stimuli, functional neuroimaging methods have revolutionized our ability to image the active brain. These methods, including positron emission tomography (PET), functional magnetic resonance imaging (fMRI), and intrinsic signal imaging, rely on measuring changes in hemodynamic activity, such as alterations in blood flow, volume, or oxygenation. While it is known that neural activity induces changes in hemodynamic activity, precisely how the two are related is not fully understood (Logothetis and Wandell, 2004; Logothetis, 2008) . Part of the difficulty in elucidating this relationship is that a number of factors intervene between the neural activity and the detection of a hemodynamic response. As Arthurs and Boniface (2002) nicely summarize, these components include the coupling of the neural activity to the vascular response and the subsequent hemodynamic changes induced by that response. The degree to which each of these factors contributes to hemodynamic measurements is unclear. With a more complete knowledge of these factors and their interactions, we would better understand the associated changes in neural activity.
Initial efforts focused on characterizing the relationship between neuronal spiking activity and the blood oxygen leveldependent (BOLD) contrast signal, the most commonly measured hemodynamic change in fMRI, arising from the different magnetic properties of oxy-hemoglobin versus deoxy-hemoglobin (Ogawa and Lee, 1990) . Rees et al. (2000) and Heeger et al. (2000) argued that changes in the BOLD signal were proportional to changes in firing rates of the underlying neuronal populations. This interpretation was based on evidence that the BOLD signal and neuronal firing rates were both positively correlated with stimulus motion-coherence in the former study and stimulus contrast in the latter. However, these studies suffered from the same limitation: spiking activity and hemodynamic changes were not measured concurrently in the same subjects.
The first step in this direction was taken by Logothetis et al. (2001) , who recorded the BOLD signal, single-and multi-unit activity, and local field potentials (LFPs) simultaneously in anesthetized macaques. LFPs are thought to reflect a weighted average of the synaptic input to neuronal populations rather than their spiking output. Interestingly, the BOLD signal was most strongly correlated with the LFP, and, using linear systems analysis, the LFP provided a better estimate of the BOLD response than did spiking activity. Another study simultaneously monitoring electrophysiological and BOLD responses found that only the low-frequency LFP tracked the BOLD signal (Maier et al., 2008) . However, there are circumstances in which the LFP, too, can be dissociated from changes in cerebral blood flow, as shown by Caesar et al. (2003) .
Although the above work attempting to link hemodynamic to neuronal changes directly has advanced our understanding of the relationship between the two, the precise link between them remains unclear. Resolving this ambiguity will likely require an additional focus on the specific steps that intervene between neuronal and hemodynamic changes. For example, does the functional organization of a cortical area influence local vascular responses and thus impact the relationship between hemodynamic signals and neural activity? The architecture of neurovascular coupling may differ between species and even between brain areas in a single organism, and these variations may occur on spatial scales smaller than the current resolution of fMRI. Therefore, different techniques are necessary to explore the coupling of neuronal responses and vascular changes on a fine spatial scale.
It is from this standpoint that the efforts of O'Herron et al. (2016), documented in a recent issue of Nature, can truly be appreciated. O'Herron and colleagues make use of another transformative technology that has revolutionized our ability to record and analyze neuronal activity: twophoton microscopy. Although a number of studies have begun to address the fine spatial scale relationship between neuronal activity and vascular changes, none have done so at the resolution and spatial scale of O'Herron et al. (2016) .
The authors began by measuring arterial responses to visual stimuli by labeling blood vessels in the primary visual cortex of cats with the fluorescent indicators Texas Red Dextran or Alexa 633. This allowed them to measure dilation changes in these vessels in response to the presentation of drifting gratings of differing orientations. All vessels were found to dilate in response to visual stimuli. Strikingly, parenchymal vessels in layer 2/3 showed significant orientation tuning of their dilation response, whereas pial surface vessels did not. This difference may be a consequence of the functional organization of visual cortex in cats and the area of cortex a vessel supplies.
As in primates, the primary visual cortex of cats is organized into functional columns containing neurons preferring the same orientation. Parenchymal blood vessels in cat primary visual cortex are therefore surrounded by neurons with a shared orientation preference, suggesting that these vessels inherit the stimulus tuning of the surrounding neural tissue they supply. To determine whether the observed blood vessel tuning is related to the functional organization of the surrounding neural tissue, the same experiments were then performed in rat primary visual cortex. Unlike cats and primates, rodent primary visual cortex does not contain orientation maps; thus, the neurons surrounding parenchymal vessels in rodents take on a variety of orientation preferences. In these experiments, although vessels dilated in response to the gratings, neither rat surface nor parenchymal vessels showed significant orientation tuning.
These results indicate that the functional organization of the neural tissue can affect hemodynamic responses, and that in certain circumstances, hemodynamic tuning may be an accurate proxy of neural tuning. The next set of experiments undertaken by O'Herron and colleagues further characterize this proxy relationship between the orientation tuning of the vascular response and that of the surrounding neural tissue in cat primary visual cortex. They focus particularly on the question: To which aspects of the neural response, spiking or synaptic, are vascular responses most tightly coupled, and over what spatial scale does this coupling exist?
O'Herron and colleagues analyzed neural tissue in a 400-mm circular window centered around blood vessels of interest. Vessel responses were imaged simultaneously with spiking activity assayed with the fluorescent calcium indicators Oregon Green BAPTA-1 AM and GCaMP6s. They found that the preferred orientation of parenchymal vessels correlated strongly (R = 0.94) with the preferred orientation of spiking activity in the surrounding neural tissue. Next, using a fluorescent glutamate sensor, iGluSnFR, to visualize and relate excitatory synaptic activity to blood vessel dilation, the researchers not only found that glutamate activity was organized into orientation maps, as was the case for spiking activity, but that the orientation preferences of blood vessels correlated strongly (R = 0.90) with the surrounding glutamate activity as well.
Their unique approach to this problem allowed them to assess over what range of functional response parameters and over what spatial scales this relationship holds. The authors computed an orientation selectivity index (OSI) for blood vessels and the surrounding neural tissue and examined the coupling between vascular and neural responses over multiple windows ranging from 100 to 600 mm in diameter. An aggregate calcium trace for each window was computed by dividing each window into small sub-regions, computing an average trace for that sub-region, and averaging across these traces. The OSI was then calculated for this aggregate trace. For each window, the orientation selectivity of the spiking activity was at least 60% greater than that of the vessels. Analogous orientation tuning experiments were performed for measures of synaptic activity, and a similar pattern of results was seen. Orientation selectivity for surrounding glutamate activity was higher than that of vessel dilation for a range of window diameters (100-600 mm), though orientation selectivity for glutamate activity was lower than that of spiking activity. Thus, vascular signals were less well tuned than both the spiking output and local inputs to the surrounding tissue at a scale of up to 600 mm.
Although the orientation selectivity of both spiking and synaptic activity varied little over the range of windows tested, this mismatch between vascular signals and surrounding activity could still be an issue of scale. Larger parenchymal vessels may respond to signals from more distant neural tissue with more varied response properties. Thus, O'Herron et al. next analyzed smaller vessels and found an inverse relationship between baseline parenchymal vessel diameter and orientation selectivity. Vessels with baseline diameters under 15 mm, including capillaries (for which tuning was estimated based on blood velocity rather than dilation measurements), had slightly but significantly higher OSI values than parenchymal vessels with diameters greater than 15 mm. Nonetheless, the selectivity of even these small vessels was still less than that of synaptic and spiking activity, leading once again In cat primary visual cortex, the orientation selectivity index is inversely correlated with the vascular area supplied but varies less over the range of cortical areas imaged in the study (depicted by the two smallest circles; the third circle depicts a hypothesized result for an even larger cortical area). Overall, vascular feature selectivity is weaker than aggregate neuronal selectivity over the same spatial scale. to the conclusion that hemodynamic changes are not a perfect proxy for measurements of the surrounding spiking and synaptic activity.
The relationship between orientation selectivity and spatial scale for both neural activity and vascular responses is summarized schematically in Figure 1 . The general concepts illustrated in the figure reflect that vascular selectivity is, in general, lower than neural selectivity over the same spatial scales, but increases as the vessels become smaller. Though no explicit analysis comparing the OSIs of differently sized imaging windows to each other is reported, they appear to vary little over the range of 100-600 mm (represented schematically by the two small circles in Figure 1 ). Given that the OSI was calculated over a single aggregate calcium trace for each window, it seems reasonable to expect that larger imaging windows, which would include neurons with a wider variety of orientation preferences, would show a decrease in orientation selectivity (depicted as the largest circle in Figure 1) . Indeed, the OSI values O'Herron and colleagues report for glutamate activity hint at such a decrease. Future work should determine whether this is the case.
That the vascular response is less tuned than the neuronal response is not a priori surprising, but further investigation of the source of this decrease in selectivity will improve our understanding of the interaction between neuronal activity and hemodynamic changes. This overall reduction in selectivity of vascular responses at larger scales may limit how accurately we can estimate neuronal activity changes from lower-resolution hemodynamic imaging methods like BOLD-fMRI. The authors suggest that, even at small spatial scales, hemodynamic changes are attributable in part to surrounding spiking and synaptic activity and in part to more global factors. Indeed, many inter-and intra-cellular signaling pathways intervene on these phenomena and are important in regulating the way that neurons and glial cells, especially astrocytes, modulate vasodilation (for review, see Attwell et al., 2010) . O'Herron and colleagues offer the intriguing hypothesis that the smaller degree of vascular tuning may result from the diffusion of dilation along the vasculature from neighboring orientation columns.
Although the story is far from complete, O'Herron et al. (2016) provide the most thorough functional characterization of vascular responses in relation to surrounding neural responses to date. The authors demonstrated that the functional architecture of neurovascular coupling is heterogeneous across species and brain areas and that this heterogeneity impacts the types of conclusions we can draw about the neuronal activity underlying measured hemodynamic changes. While vascular responses are not as sensitive to stimulus features as the surrounding neural activity, there do appear to be circumstances in which we can infer certain response properties of neurons directly from the vascular response. These circumstances depend on an interplay between two spatial scales: that of neurovascular coupling and that over which the functional property of interest varies. In the cat and primate visual systems, properties like orientation tuning vary continuously over large enough spatial scales that small-diameter vessels are modulated by relatively functionally uniform neuronal populations, imparting some degree of orientation tuning to the vessels and enabling accurate inferences about the neuronal activity from measurements of hemodynamic changes. However, most regions of the brain have not been mapped as extensively as primary visual cortex, and as a result, it is not yet clear how to identify when such favorable circumstances for inference exist without undertaking the painstaking, but knowledge-expanding, efforts documented in this study. Future work will refine and extend our understanding of the fundamental limits of more macroscopic measures.
